Analgesic activity of novel GABA esters with l-menthol (1), thymol (2), carvacrol (3) and guaiacol (4) was investigated by pharmacological models of thermal and chemical stimuli in mice after topical application in an ointment (2% w/w). The initial terpenes -l-menthol (5), thymol (6), carvacrol (7) and guaiacol (8) have also been studied under the same experimental conditions. All studied compounds were found to produce an antinociceptive effect in both thermal-and chemical-induced models of acute pain after their topical application. In the hot plate test, compound 1 demonstrated maximum analgesic activity and attenuated acute pain more than the reference drug BZC. GABA esters with l-menthol (1) and carvacrol (3), as well as l-menthol (5) itself exhibited analgesic activity which is the same or better in comparison with benzocaine in chemical-stimulated models of pain caused by either formalin or capsaicin.
To date, an approach to develop successful therapies has been to target ion channels that contribute to thermal, mechanical and chemical noxious stimuli transduction. Among these targets, the transient receptor potential (TRP) family of cation channels is of particular interest. TRP channels are divided into seven subfamilies each of which can be activated by a number of phytochemicals [1] . For example, thymol and carvacrol can activate TRPV1 and TRPV3 ion channels; guaiacol may exert its antinociceptive effects via TRPV1; menthol was found to be a TRPM8 agonist. TRP channels are broadly expressed in mammalian tissues; populations of nonneuronal cells within the skin express many different types of TPR channels making them a good therapeutic target for drugs delivered by transdermal administration [2] .
Gamma-aminobutyric acid (GABA) is well known as the main inhibitory neurotransmitter of the CNS, and its low level is responsible for many pain states [3] . However, recent studies have provided strong evidence that GABA B receptors are also localized in the periphery; surprising is the finding of GABA localization at the terminal endings of corneal nociceptors [4] . In the present paper, we investigated the analgesic activity of novel GABA esters with different terpenes after their transdermal delivery by using pharmacological models of acute pain.
In the current research, the antinociceptive effect of novel GABA esters with l-menthol (1), thymol (2), carvacrol (3) and guaiacol (4) was evaluated by models of thermal (hot plate) and chemical stimuli (formalin and capsaicin) in mice after topical application in an ointment (2% w/w); chemical structures of compounds 1−4 are shown in Figure 1 . The initial terpenes l-menthol (5), thymol (6), carvacrol (7) and guaiacol (8) have also been studied under the same experimental conditions. As mentioned above, two main pathways were used to induce acute pain in mice: thermal stimulus involving the hot plate test as well as chemical stimulus wherein pain is caused by either formalin or capsaicin. All these pharmacological models are associated with activation of TRP channels: TRPV1, TRPV3 and TRPV4 contribute to acute noxious heat sensation; TRPA1 is targeted by formalin; capsaicin is a TRPV1 agonist [5] . The analgesic activity of compounds 1−8 was comparable with the reference drug benzocaine (BZC), which is a local anesthetic commonly used as a topical pain reliever.
Benzocaine selection as the reference drug is also based on the ability of local anesthetics to activate TRPV1 and, to a lesser extent, TRPA1 channels [6] .
The analgesic activity of compounds 1−8 and BZC assessed by the hot plate method is illustrated in Table 1 . The mice that had been treated with the base ointment exhibited mean latency of 10.3 ± 0.6 sec. As seen, terpenes 5−8, as well as their esters 1−4, showed significant (P ≤ 0.05) analgesic effect when compared with the control. However, there is no significant difference on the thermal stimulus in mice treated with compounds 2−8 in comparison with the reference drug, benzocaine, which showed a reaction time of 18.3 ± 0.9 sec. Among all studied compounds ester 1 demonstrated maximum analgesic activity with a reaction time of 30.2 ± 2.6 sec, which is higher than BZC. These results suggest that both terpenes and their esters with GABA produce analgesia in thermalstimulated acute pain. Reaction time for compounds 2−8 ranges from 15.3 sec to 24.2 sec indicating that these compounds exert the same or a similar antinociceptive effect as BZC treatment. Moreover, compound 1 was found to attenuate thermal-induced acute pain more than the reference drug BZC after transdermal delivery as evidenced by the higher reaction time of 30.2 ± 2.6 sec. The nociceptive response produced by formalin is biphasic: an early (0−5 min after injection) and late response (20−30 min after injection). These two phases can be distinguished pharmacologically: phase 1 is supposed to represent a direct chemical stimulation of nociceptors, while phase 2 is thought to involve inflammation [7] . For assessment of the precise response caused by a burst of activity from pain fibers we measured the licking time as an indicator of nociception only during the first (early) phase. The antinociceptive effect of compounds 1−8 on the early phase of the formalin test in mice is shown in Table 2 . As illustrated, vehicle treated mice (negative control) exhibited a licking time of 103.5 ± 8.5 sec. The treatment of mice with compounds 1−8 resulted in an inhibition of the formalin-induced licking in the early phase as compared with the control group (P ≤ 0.05). In the early phase of the formalin test, the maximum analgesia was observed for 5, 7 and their esters 1, 3; this antinociceptive effect was equal to the reference drug BZC, which demonstrated a reduction of paw licking time of 36.3 ± 2.4 sec. Thus, our results indicated that compounds 1, 3, 5 and 7 significantly attenuated a formalin-induced nociceptive response in the first phase (0−5 min). All values are expressed as mean ± SEM; n = 6; a P ≤ 0.05 significant compared with control (Student's t-test).
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In contrast to formalin-induced biphasic responses, capsaicin was found to induce only an acute nociceptive response in a capsaicininduced licking test. Intraplantar injection of capsaicin (6 μg/paw) elicited a nociceptive paw licking response in experimental animals that appears clearly during the first five minutes. The results in Table 2 show the duration of paw licking (45.7 ± 1.8 sec) after topical application of the ointment base. When compared with the base ointment treatment, a significant decrease in paw licking time was observed in mice treated with all studied compounds 1−8 (P ≤ 0.05). Benzocaine, which served as a positive control in our experiment, also caused significant suppression of pain with a licking time of 28.7 ± 6.6 sec. It is noteworthy that the effect on capsaicin-evoked nociception of compounds 2, 4, 6−8 was comparable with that of the standard drug BZC. Furthermore, esters 1 and 3, as well as terpene 5 showed better analgesic activity in comparison with the positive control (BZC) as evidenced by the licking time recorded for these compounds: 4.3 ± 0.9 sec, 12.0 ± 1.2 sec and 11.0 ± 2.7 sec, accordingly. The abovementioned finding is similar to the results of the formalin test; in both of them compounds 1, 3 and 5 exhibited the maximum analgesic action indicating that these compounds significantly attenuate chemicalinduced acute pain in mice.
In conclusion, all studied compounds were found to produce an antinociceptive effect in both thermal-and chemical-induced models of acute pain after their topical application compared with vehicle treated mice. In the hot plate test, compound 1 demonstrated maximum analgesic activity and attenuated acute pain more than the reference drug BZC. GABA esters with l-menthol (1) and carvacrol (3), as well as l-menthol (5) itself, exhibited analgesic activity that is the same, or better in comparison with benzocaine in chemical-stimulated models of pain caused by either formalin or capsaicin. This is supported by literature studies that GABA is localized in the terminal endings of corneal nociceptors, many of which also express TRPV1 [4] . Thus, we may assume that the antinociceptive effect of the investigated esters is due to the contribution of both terpenes and GABA.
Experimental
Outbreed male white mice (18-22 g) were used in all experiments. GABA esters of menthol, thymol, guaiacol and carvacrol were synthesized using the DCC/DMAP coupling method [8] . All esters were applied topically in an ointment (2%, w/w) using a mixture of polyethylene glycol (PEG 1500), polyethylene oxide (PEO 400) and 1,2-propylene glycol in the ratio 4:2:3 as a base. Analgesic activity was measured by the hot-plate test as an acute pain model [7] . Formalin-and capsaicin-induced licking tests were similar to those described [9] .
